1. Introduction
===============

F-box proteins (FBPs) are a large and diverse family of proteins present in all eukaryotes that are characterized by presence of the F-box domain \[[@b1-ijms-14-04030]\]. There are 68 predicted genes coding FBPs in humans, 11 in yeast, 326 in *Caenorhabditis elegans*, about 700 in *Arabidopsis thaliana* and 600 in rice (*Oriza sativa*) \[[@b2-ijms-14-04030]--[@b6-ijms-14-04030]\]. Most of the characterized FBPs are components of the SCF (SKp1, Cullin, F-box protein) E3 ubiquitin--ligase complex. The SCF E3 ubiquitin--ligase complex participates in the recognition and recruitment of target proteins for ubiquitination and degradation by the ubiquitin 26S proteasome system (UPS). However, FBPs acting independently of the SCF complex have also been identified \[[@b7-ijms-14-04030]--[@b9-ijms-14-04030]\].

FBPs are structurally and functionally diverse, and their activity is crucial for selecting proteins that will be targeted by the SCF complex. The F-box domain consists of a conserved sequence of about 50 amino acids implicated in the interaction with core members of the complex \[[@b1-ijms-14-04030], [@b10-ijms-14-04030], [@b11-ijms-14-04030]\]. Besides the F-box domain, other domains and motifs related to protein--protein interactions are usually present in the *C*-terminal region of FBPs, such as leucine rich repeats (LRR), WD40 repeats (WD), Kelch repeats, proline-rich and others. In general, FBPs are subdivided and classified according to these additional motifs. In mammal and yeast, the LLR and WD domains are frequently found. In humans, for example, the FBPs FBXL and FBXW have LLR and WD domains, respectively, while FBXO lacks both of them \[[@b12-ijms-14-04030]\]. FBPs from plants have additional domains, but their identity and distribution are consistently different from their mammalian counterparts. In *Arabidopsis*, Kelch repeats are the most common domain found in FBPs. However, most of the predicted FBPs in *Arabidopsis* lack any other extra domain \[[@b6-ijms-14-04030]\]. In rice, genome analysis revealed that FBPs have a wide plethora of additional domains, some of them with unknown function \[[@b3-ijms-14-04030]\]. Due to the diversification of additional domains, the FBPs in the model plants *A. thaliana* and rice are divided into 19 and 10 groups, respectively \[[@b3-ijms-14-04030], [@b6-ijms-14-04030]\].

2. SFC Complex and the UPS
==========================

The UPS has an important role in protein turnover in the cell and in the regulation of different processes, such as cell division, development, hormone signaling, self-incompatibility and circadian cycle \[[@b13-ijms-14-04030]-- [@b17-ijms-14-04030]\]. The system degrades specific proteins that are post-translationally tagged by polyubiquitination. The binding of ubiquitins in a sequential and specific manner occurs in a cascade of events that involves the action of three enzymes or protein complexes, E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme) and E3 (ubiquitin ligase). Ubiquitin monomers are initially activated by binding to E1. Ubiquitin is then transferred to E2, and is finally transferred to the target protein by the action of E3. This process is repeated until a polyubiquitin tail signal is formed, driving the protein to degradation. Monoubiquitination is implicated in other cellular processes, such as relocalization of proteins \[[@b18-ijms-14-04030]\].

E3 is the most diverse component of the UPS system, and is responsible for correctly recognizing the substrate target protein. There are different types of E3 complexes and the SCF is the most common and best understood. The SCF complex is composed of four proteins, S-phase kinase-associated protein-1 (SKP1), a CULLIN, a RING-finger protein (RBX1/ROC1/HRT1) and a FBP. The CULLIN protein is the backbone of the complex and binds to the RING-finger and SKP1 proteins on its *C*-terminal and *N*-terminal regions, respectively, forming a C-shaped structure \[[@b19-ijms-14-04030], [@b20-ijms-14-04030]\]. The RING-finger protein interacts with the ubiquitin-conjugated E2 enzyme and the FBP binds to SKP1 across the F-box domain. In order to be recognized by the FBP, substrate proteins are usually phosphorylated at specific amino acids. Additional FBP domains interact with the substrate protein and contribute to the correct positioning of the target in the active center of complex, where it is ubiquinated \[[@b21-ijms-14-04030]\].

The swap of FBPs within the same SCF complex allows the recognition of a broad range of substrates, providing a great versatility of functions to the complex. Many FBPs are transcriptionally regulated for expression to be temporally and tissue specific, or in response to (a)biotic stressors \[[@b3-ijms-14-04030]\] Furthermore, FBPs themselves can be degraded by the UPS system and some non-FBP substrates are known to compete with FBPs for the SCF's active site, avoiding the self-ubiquitination of F-box proteins by the SFC complex \[[@b22-ijms-14-04030]\]. Some FBPs can also be regulated by the interaction with small molecules to be able to bind to the SCF complex \[[@b16-ijms-14-04030]\].

The diverse functions of FBPs act through the SCF complex, by binding to SKP1 or SKP1-like proteins, or in association with other complexes \[[@b7-ijms-14-04030]\]. Two different classes of E3 ligases are involved in this process, the APC/C (anaphase promoting complex/cyclosome) and the SCF complexes \[[@b23-ijms-14-04030]\]. APC/C is the major regulator, inducing proteolysis of inhibitors of the next phase of the cycle before the checkpoints. FBPs have an important role in cell cycle regulation by promoting the degradation of regulators of cell cycle progression, such as cyclins and cyclin-dependent kinases (CDKs). In mammals, where the process is better understood, many FBPs, such as SKP2, FBXW7 and β-TrCP have a crucial function in controlling the passage of one mitotic phase to the next \[[@b24-ijms-14-04030], [@b25-ijms-14-04030]\]. The S-phase kinase-associated protein 2 (SKP2) forms an SCF complex with SKP1, CULLIN-1 and RBX1 that is known to target more than twenty proteins for ubiquitin-mediated degradation. With this vast repertoire of substrates, SCF^SKP2^ is critical in controlling cell cycle progression, G1/S transition, apoptosis, avoidance of DNA re-replication, V(D)J recombination, cell proliferation potential, among other processes \[[@b26-ijms-14-04030]\]. The SKP2 substrate P27 is an inhibitor of cell cycle progression and is considered a key piece in the regulation of the G1-S transition \[[@b27-ijms-14-04030]--[@b29-ijms-14-04030]\]. FBXW7 has an opposite effect by degrading activators of cell cycle progression, including c-MYC \[[@b30-ijms-14-04030]\], NOTCH \[[@b31-ijms-14-04030]\], c-JUN \[[@b32-ijms-14-04030]\] and CYCLIN E \[[@b33-ijms-14-04030]\]. β-TrCP mediates the ubiquitination of EMI1, an APC/C complex inhibitor, controlling the transition from phase G2 to M \[[@b34-ijms-14-04030]\] and is also involved in the degradation of a repressor of the type 1 interferon immune response \[[@b35-ijms-14-04030]\].

In plants, FBPs are also known to be implicated in the regulation of the cell cycle, hormone signaling and development. TIR1 (transport inhibitor response1) was one of first FBPs characterized in plants \[[@b36-ijms-14-04030]\]. It is a positive regulator of the auxin hormone response, and complete or partial mutations in the *Tir1* gene lead to an auxin-resistance phenotype \[[@b37-ijms-14-04030]\]. Recently, it was demonstrated that auxin and inositol hexakisphosphate molecules bind directly to TIR1 and contribute to its binding to target proteins \[[@b38-ijms-14-04030]\]. This is an interesting demonstration of how FBPs can be regulated by small molecules. The control of other phytohormones is made in a similar manner. For example, jasmonate signaling is regulated by a TIR1-related FBP called COI1 (Coronatine Intensitive1) \[[@b39-ijms-14-04030], [@b40-ijms-14-04030]\], and the process is also dependent on a small molecule co-factor \[[@b41-ijms-14-04030]\].

3. The UPS in Viral--Host Interactions
======================================

To successfully replicate in infected hosts, viruses need to create a suitable cell environment to complete their life cycle. Since the UPS plays a critical role in many cellular processes, it is not surprising that several unrelated viruses have evolved convergent strategies to exploit this mechanism. In recent years, a number of proteins encoded by both animal and plant viruses have been reported to redirect host ubiquitination components to their own needs. As expected, most ubiquitin-interfering viral proteins act on cellular pathways that rely on the SCF system for their regulation, such as innate immunity, signal transduction and the cell cycle pathways ([Table 1](#t1-ijms-14-04030){ref-type="table"}).

3.1. Disruption of the Innate Immunity and Cell Signaling by Viruses
--------------------------------------------------------------------

Several unrelated animal viruses encode proteins that interfere with signal transduction pathways involved in induction or amplification of the immune response, particularly the innate response driven by type I interferon (IFNα/β) \[[@b75-ijms-14-04030]\]. The rotavirus protein NS1 is an example of how viruses can manipulate the interferon expression through the manipulation of the SCF system. The transcription factor nuclear factor kappa B (NFκB) is required for the induction of IFNβ \[[@b76-ijms-14-04030]\], but its subunits are held inactive in the cytoplasm when associated with inhibitors of κB (IκB). Phosphorylation of IκB by IκB kinases (IKKα/β) results in its rapid ubiquitination by the E3 ligase Skp1/Cul1/F-box complex and subsequent degradation by the 26S proteasome, promoting the transcription of NFκB target genes, including IFNβ \[[@b77-ijms-14-04030]\]. The substrate IκB is normally recognized by the FBP β-transducin repeat containing protein (β-TrCP) present in the SCF complex (SCF^β−TrCP^) \[[@b35-ijms-14-04030]\]. During rotavirus infection, however, β-TrCP is degraded in a proteasome-dependent manner, stabilizing the expression of the phosphorylated IκBα and therefore maintaining NFκB in its inhibited state. The expression of the rotavirus protein NSP1 is sufficient to induce this effect \[[@b42-ijms-14-04030]\].

The strategy of interferon inhibition is also adopted by other viruses. The *Human immunodeficiency virus type-1* (HIV-1) Vpu protein binds to βTrCP and CD4, the major cellular receptor for HIV-1 \[[@b78-ijms-14-04030]\], resulting in the degradation of CD4. Competition with IκBα for βTrCP binding is believed to stabilize the former protein, promoting, NFκB inhibition \[[@b43-ijms-14-04030]\]. It has been recently shown that the open reading frame 2 (ORF2) protein from the human *Hepatitis E virus* \[[@b44-ijms-14-04030]\] and the large T antigen (TAg) tumor protein of JC virus (JCV) \[[@b45-ijms-14-04030]\] may control IκBα levels in a similar fashion. The V proteins from the paramyxoviruses *Simian virus 5* (SV5) and type II *Human parainfluenza virus* (HPIV2) are able to disrupt the type I IFN signaling by inhibiting the latent signal transducer and activator of transcription (STAT) proteins, STAT1 and STAT2 \[[@b46-ijms-14-04030]\]. The STAT proteins are able to dimerize and, together with IRF9, form a transcriptional factor that activates the expression of interferon-responsive antiviral genes \[[@b79-ijms-14-04030]\]. SV5 and HPIV2 V proteins mediate the ubiquitin-dependent degradation of STAT proteins in a complex with the cullin protein CUL4 and the damaged DNA binding protein DDB1 \[[@b46-ijms-14-04030]\]. The complex therefore acts as an E3 ligase, leading to the degradation of key proteins in the type 1 IFN signaling.

Interference with NFκB activity is also a strategy adopted by some members of the family *Poxviridae*, the masters in the de-regulation of the host's ubiquitin--proteasome system. Poxviruses have several ankyrin proteins containing regions resembling the F-box domain \[[@b80-ijms-14-04030]\]. Some of the so-called PRANC (pox protein repeat of ankyrin *C*-terminus)/F-box proteins have been shown to interact with cullin proteins and possibly mediate substrate-specific degradation \[[@b49-ijms-14-04030]\]. The *Myxoma virus* M150 \[[@b47-ijms-14-04030]\] and the *Cowpox virus* CP77 \[[@b48-ijms-14-04030]\] proteins, for example, interact with the NFκB subunit p65, inhibiting the transcription of inflammatory cytokines. The G1R protein from *Variola virus* and its orthologs in *Cowpox virus*, *Monkeypox virus*, and *Ectromelia virus* are able to target another subunit (p105) of NFκB \[[@b81-ijms-14-04030]\]. Poxviruses have a second class of proteins with BTB/Kelch domains that also function as substrate-specific adaptors to target proteins for ubiquitination \[[@b82-ijms-14-04030]--[@b84-ijms-14-04030], [@b50-ijms-14-04030]\]. The BTB domain of those proteins is able to bind to CUL3 cullin proteins, and the Kelch domain acts by recruiting the substrate-target protein. The function of those proteins, however, is still unclear. They could act merely by sequestering host CUL3 from their normal complexes or rather form an active E3 ligase complex to deliberately manipulate the cellular protein machinery.

Apart from having F-box-like and BTB/Kelch proteins, poxviruses developed three other strategies for interfering with the host's UPS: expression of ubiquitin homologs, ubiquitin ligases and APC/C-like proteins \[[@b49-ijms-14-04030]\]. Although the poxvirus ubiquitin homologs identified so far are very similar to human ubiquitins, their functions in the infection process is still unclear \[[@b85-ijms-14-04030]-- [@b87-ijms-14-04030]\]. The two types of ubiquitin ligases encoded by poxviruses, RING-CH (MARCH) and the really interesting new gene (RING) finger protein, however, seem to function by degrading surface proteins involved in the immune response, such as MHC class I, MHC class II, CD4, CD95 and ALCAM \[[@b51-ijms-14-04030], [@b88-ijms-14-04030]-- [@b91-ijms-14-04030]\]. Immune modulation by viral-encoded E3 ligases is also observed in *Kaposi's sarcoma-associated herpesvirus* (KSHV). Proteins K3 and K5 from KSHV are able to target several surface proteins for degradation, including MHC class I, B7-2, ICAM-1, CD1d, PECAM-1, ALCAM, IFN-gR1, MICA/B, AICL and vascular endothelial cadherin (VE-cadherin) \[[@b92-ijms-14-04030]--[@b99-ijms-14-04030]\].

Plant viruses are also able to subvert cell signaling pathways. Geminiviruses are sensitive to the jasmonate hormone and, recently, it was found that the viral protein C2 is able to interfere with this hormone's signaling by binding to CSN5, the catalytic subunit of the COP9 signalosome (CSN) complex \[[@b67-ijms-14-04030]\]. CSN is a complex of proteins implicated on the removal of ubiquitin-like proteins called RUB (related to ubiquitin) from the CUL1 subunit of SCF complexes \[[@b100-ijms-14-04030], [@b101-ijms-14-04030]\]. The derubylation of CUL1 is essential for the SCF's proper function. Since CUL1-related E3 ligases are involved in the regulation of many phytohormones, including jasmonate, the interference with that process is a powerful strategy for promoting viral infection. Indeed, transcriptomic analysis reveals a clear suppression of jasmonate responses in C2-expressing plants, and jasmonate treatment reduces the susceptibility to geminivirus infection \[[@b102-ijms-14-04030]\].

Plants' innate immunity, which usually leads to the hypersensitive response (HR), is also targeted by plant viruses through the deregulation of the UPS. HR is a type of innate defense system used by plants for avoiding the spread of pathogens. The mechanism is characterized by the rapid induction of cell death in infected and nearby cells, preventing the progression of the infection process \[[@b103-ijms-14-04030]\]. The P25 protein from the benyvirus *Beet necrotic yellow vein virus* (BNYVV) is able to bind to a host Kelch-type FBP \[[@b68-ijms-14-04030]\]. The interaction seems to be important for resistance suppression, since the transient expression of the Kelch FBP alone in *Nicotiana bethamiana* leaves was enough for inducing HR \[[@b69-ijms-14-04030]\].

3.2. Disruption of the Cellular Cycle by Viruses
------------------------------------------------

The disturbance of cell cycle proteins through the ubiquitin--proteasome system is another common theme for promoting viral replication. In animals, as well known mechanism by which poxviruses manipulate the host's SCF machinery is by encoding components of the ubiquitin ligase APC/C. The PACR (poxvirus APC/cyclosome regulator) protein from the poxvirus is able to mimic the RING-H2 subunit APC11 of the APC/C \[[@b104-ijms-14-04030]\]. However, unlike APC11, PACR has no ligase activity, inhibiting the complex. By preventing APC/C function, PACR may prompt cells to enter the S-phase of the cell cycle, where viral replication is stimulated by host factors.

Apart from poxviruses, this mechanism is frequently observed in several cancer-associated viruses and the P53 tumor suppressor protein is a common target for several viral proteins. P53 expression is associated with cell cycle arrest, DNA repair and apoptosis \[[@b105-ijms-14-04030]\]. The nuclear antigen 3C (EBNA3C) protein from the herpesvirus *Epstein-barr virus* (EBV) is able to interfere with P53 function by indirectly targeting the MDM2 protein \[[@b52-ijms-14-04030]\]. MDM2 is a negative regulator of P53 \[[@b106-ijms-14-04030]\]. The protein has a P53-specific ubiquitin ligase domain and is able to target the tumor suppressor protein to degradation. MDM2 itself is also regulated by ubiquitination \[[@b107-ijms-14-04030], [@b108-ijms-14-04030]\]. By deubiquitinating MDM2, EBNA3C is able to stabilize the protein. Furthermore, EBNA3C enhances MDM2 ubiquitin ligase activity towards P53, providing robustness to the inhibition \[[@b52-ijms-14-04030]\]. Two other proteins from *Adenovirus type 5* (Ad5) and one protein from *Human papillomavirus* (HPV) are also able to downregulate P53 activity. Ad5's proteins E1B-55K and E4-ORF6, together with other proteins, form a ubiquitin--ligase complex that directs P53 and other targets to degradation \[[@b55-ijms-14-04030]--[@b57-ijms-14-04030]\]. Substrate recognition is believed to be mediated by E1B-55K, whereas E4-ORF6 is involved in the assembly of the complex. Likewise, the oncoprotein E6 from HPV forms a complex with other proteins that is able to ubiquitinate and degrade P53 \[[@b59-ijms-14-04030]\]. By disrupting the P53-mediated G1/S-transition checkpoint, all these viral proteins, together with other factors, allow entry into the S-phase, potentially leading to the formation of tumors.

The FBP SKIP2 is also frequently involved in viral--host circuits. Besides having a role in the regulation of P53, the EBV protein EBNA3C mentioned above is also able to recruit the SCF^SKP2^ complex to promote the degradation of two of its targets: the tumor suppressor P27 and Retinoblastoma (RB) proteins \[[@b53-ijms-14-04030], [@b54-ijms-14-04030]\]. EBNA3C recruits SCF^SKP2^ to CYCLIN A/CDK2 complexes and serves as a scaffold that facilitates the ubiquitination of the kinase inhibitor P27 \[[@b53-ijms-14-04030]\]. Downregulation of P27 ultimately leads to an increase in kinase activity, stimulating cell division. EBNA3C-directed enhancement of SCF^SKP2^ ubiquitination of RB proteins is also observed in EBV-transformed cells \[[@b54-ijms-14-04030]\]. RB is a protein involved in the repression of proto-oncoproteins of the E2F family \[[@b109-ijms-14-04030]\]. Interestingly, EBNA3C has some degree of sequence similarity with the HPV-16 oncoprotein E7 and the E1A protein from *Simian virus 40*, two proteins that are also known to target RB proteins for 26S proteasome degradation \[[@b110-ijms-14-04030]\]. Therefore, HPV oncoproteins E6 and E7, by targeting two proteins involved in cell cycle arrest, P53 and RB, respectively, cooperate to stimulate entry into the S-phase. Curiously, E7 itself can be targeted for degradation by the SCF^SKP2^ complex \[[@b60-ijms-14-04030]\]. An extra layer of regulation in this circuit of HPV's oncoproteins is mediated by the E2 viral protein. E2 directly binds to the promoter sequence of E6 and E7 and negatively regulates their expression \[[@b111-ijms-14-04030], [@b112-ijms-14-04030]\]. E2 proteins exhibit short half-life times due to degradation by the ubiquitin/proteasome pathway \[[@b113-ijms-14-04030]--[@b116-ijms-14-04030]\]. Degradation of E2 occurs via SCF^SKP2^, since silencing of SKP2 induces stabilization of E2 \[[@b113-ijms-14-04030]\].

There are additional examples of viral proteins interfering with SCF^SKP2^ activity. The HBV X protein (HBx) of *Hepatitis B virus* (HBV) is able to increase the stability of the proto-oncoprotein c-MYC by inhibiting its SKP2-mediated degradation \[[@b61-ijms-14-04030]\]. HBX also promotes the inhibition of SCF-induced ubiquitination of the pituitary tumor-transforming gene 1 (PTTG1)-encoded protein, a human securin protein implicated in inhibition of sister chromatid separation during mitosis. The interaction between PTTG1 and the SCF ubiquitin--ligase complex occurs through a mechanism involving protein--protein interactions of HBx with PTTG1 and/or SCF \[[@b62-ijms-14-04030]\]. Recently, it was shown that the viral interferon-regulatory factor-3 (vIRF-3) protein from the herpesvirus KSHV can associate with SCF^SKP2^ and also promote the expression of the proto-oncogene c-*Myc*, encouraging cell growth \[[@b63-ijms-14-04030]\]. vIRF-3 activity is based on the fact that SCF^SKP2^ not only ubiquitinates and degrades c-MYC, but its activity is also important for the activation of the transcription of c-MYC targets. vIRF-3 is able to bind to SKP2 and enhances the transcription of c-MYC-regulated genes \[[@b63-ijms-14-04030]\]. The viral protein is also able to interfere with P53 \[[@b64-ijms-14-04030]\] and NFκB \[[@b65-ijms-14-04030]\] activities during the infection process.

A second E3 ligase associated in the regulation of the cell cycle, SCF^FBW7^, is also targeted by viral proteins. FBW7, also known as SEL-10, hCDC4 and hAGO, is the F-box component of the SCF^FBW7^, a complex involved in the ubiquitin-dependent regulation of several proto-oncoproteins. The latency associated nuclear antigen (LANA) from the herpesvirus KSHV can compete with NOTCH for FBW7 binding, therefore, avoiding its degradation \[[@b66-ijms-14-04030]\]. Cell growth stimulation through SCF^FBW7^ inhibition is also achieved by the adenoviral protein E1A. The direct interaction of EA1 with components of the SCF^FBW7^ does not disturb its assembly; however, its ubiquitin-ligation activity is compromised by a mechanism not completely understood \[[@b58-ijms-14-04030]\].

RB proteins are also targeted by proteins encoded by plant viruses. The 20 kDa CLINK protein from members of the plant viral family *Nanoviridae* binds to RB proteins through its LxCxE motif. CLINK is an FBP that interacts with SKP1 and enhances viral replication during nanovirus infection and has the ability to alter the activity of pRB. The inactivation of pRb by CLINK induces cells with the cell cycle progression inactive to enter in endoreduplication cycles creating a cellular environment favorable for viral replication \[[@b70-ijms-14-04030]\]. It is suggested that CLINK leads to the degradation of RB via its F-box domain, releasing the transcription factor E2F family to activate cell cycle progression-related genes.

3.3. Suppression of RNA Silencing by Viral F-Box-Like Proteins
--------------------------------------------------------------

The interaction between pathogens and the host's SCF machinery has also been observed in members of the plant viral family *Luteoviridae*. Viruses belonging to the family are divided into three genera: *Luteovirus*, *Polerovirus* and *Enamovirus*. The P0 proteins from several members of the genus *Polerovirus* and the sole member of the genus *Enamovirus* has been shown to be suppressors of the plant's RNA silencing defense mechanism \[[@b71-ijms-14-04030], [@b117-ijms-14-04030], [@b118-ijms-14-04030]\]. Although the protein lacks typical domains such as C-terminal leucine-rich repeats or WD-40 repeats, P0 has a central region resembling the F-box domain and is thus considered an F-box-like protein \[[@b71-ijms-14-04030], [@b119-ijms-14-04030]\].

RNA silencing is a conserved mechanism that regulates gene expression in a sequence-specific manner. During the process, double-strand RNA (dsRNA) molecules are recognized and degraded by members of the Dicer family, a type III RNase \[[@b120-ijms-14-04030]\]. The cleavage gives rise to double-stranded small RNAs (sRNAs) ranging from 21 to 26 nucleotides that are loaded into RNA-induced silencing complexes (RISC) \[[@b121-ijms-14-04030], [@b122-ijms-14-04030]\]. RISC can drive gene regulation at the post-transcriptional level by targeting mRNAs for degradation or inhibiting protein translation, or at the transcriptional level by inducing DNA methylation \[[@b123-ijms-14-04030]\]. The specificity of the regulation is given by the sRNA bound to RISC and Argonaute proteins are the "slicer" component of the complex \[[@b124-ijms-14-04030]\].

In the model plant *A. thaliana*, there are four Dicer-like (DCL1 to DCL4) and 10 Argonaute (AGO1 to AGO10) proteins. This vast repertoire of silencing-related proteins allowed the diversification and specialization of the sRNA-directed pathways. Viral dsRNA structures can be degraded by DCL4, DCL2 and DCL3 in *Arabidopsis*, giving rise to primary sRNAs from 21 to 24 nucleotides \[[@b71-ijms-14-04030], [@b125-ijms-14-04030]--[@b128-ijms-14-04030]\]. Virus-derived sRNAs can both drive viral RNA degradation through AGO1/2/4/5/7-containing complexes or recruit RDR proteins for *de novo* dsRNA synthesis \[[@b128-ijms-14-04030]--[@b130-ijms-14-04030]\], generating secondary sRNAs \[[@b131-ijms-14-04030]\]. Viruses, as a counter defense, evolved diverse and unrelated strategies to block the plant's RNA degradation machinery \[[@b132-ijms-14-04030]\].

The silencing suppressor P0, absent in the genus *Luteovirus*, is encoded by the first ORF in the two other genera of the family. Partially due to its lack of similarity with any other known viral protein, its function remained a mystery for years. Transgenic potato plants overexpressing the P0 from *Potato leafroll virus* (PLRV), the type member of the genus *Polerovirus*, produced the first clues that the protein could somehow modulate symptom expression \[[@b133-ijms-14-04030]\]. However, it was not until the last decade that additional experiments uncovered its silencing suppression activity for the first time \[[@b118-ijms-14-04030]\]. The presence of an intact F-box-like-domain proved to be essential for its activity \[[@b71-ijms-14-04030], [@b119-ijms-14-04030]\]. Accordingly, direct interactions between the Polerovirus P0 and the Arabidopsis SKP2 protein or its yeast homolog SKP1 were detected by yeast two-hybrid experiments \[[@b119-ijms-14-04030]\].

Agro-infiltration experiments done in the 16c GFP-expressing line of *Nicotiana benthamiana* revealed that P0 is able to suppress both local and systemic silencing, although at variable degrees among different viruses and isolates \[[@b71-ijms-14-04030], [@b117-ijms-14-04030]--[@b119-ijms-14-04030], [@b134-ijms-14-04030], [@b135-ijms-14-04030]\]. And similar to *ago1* mutants, the expression of P0 in either *N. benthamiana* or Arabidopsis leads to a reduction in the levels of secondary siRNAs and a downregulation of several regulatory DCL1/AGO1-dependent microRNAs \[[@b71-ijms-14-04030], [@b136-ijms-14-04030]--[@b138-ijms-14-04030]\]. In accordance, P0s can lead to AGO1 destabilization on both transient and stable expression experiments \[[@b71-ijms-14-04030], [@b135-ijms-14-04030], [@b136-ijms-14-04030], [@b138-ijms-14-04030]\]. More specifically, it was observed that the conserved PAZ and the adjacent ND domains were necessary for P0-mediated destabilization in all AGO proteins tested \[[@b136-ijms-14-04030]\]. Although the PAZ domain is conserved in animal Argonaute homologs, the strong P0 from *Curcubit aphid-borne yellows virus* (CAbYV) is not able to suppress RNA silencing in adult *Drosophila* triggered by dsRNAs or sRNAs \[[@b139-ijms-14-04030]\].

The exact mode of action of P0 is still under debate. Transient expression experiments indicate that the BWYV P0 is not able to target pre-loaded AGO1 complexes \[[@b137-ijms-14-04030]\]. Although the protein seems to enhance the overall ubiquitination pattern of host proteins, its activity is not compromised in the presence of proteasome inhibitors \[[@b136-ijms-14-04030], [@b138-ijms-14-04030]\]. Since the Arabidopsis AGO1 itself is regulated by a host F-box protein (FBW2) \[[@b72-ijms-14-04030]\], perhaps the suppressor might somehow interfere with AGO1's natural ubiquitination process. Alternatively, the P0s might target other AGOs or interfere with other components of RISC which would ultimately lead to AGO1 destabilization. The latter hypothesis is supported by the fact that the expressions of P0s from the *Sobemovirus Potato leaf roll virus* and from *Enamovirus Pea enation mosaic virus-1* induce unrelated phenotypes in transgenic *Arabidopsis* plants when compared side by side \[[@b71-ijms-14-04030]\]. The displayed phenotypes are fundamentally different from those observed in *ago1* mutant, indicating that the set of proteins targeted by P0 might be pathogen-specific.

AGO1 is also targeted for degradation in a proteasome-dependent manner by the movement protein P25 from the potexvirus *Potato virus X* (PVX) \[[@b73-ijms-14-04030]\]. P25 binds not only to AGO1 but also to AGO2, AGO3 and AGO4. Although the P25-mediated destabilization of AGO can be blocked by treatment with proteasome inhibitors, it is still not known whether the protein can interact directly with components of the UPS, although the fact that PVX infection leads to an increase in SKP1 levels indirectly supports this idea \[[@b74-ijms-14-04030], [@b140-ijms-14-04030]\].

4. Conclusions
==============

It is currently quite clear that the subversion of the host's UPS is a common strategy for promoting viral infection. The diversity of mechanisms by which viruses can achieve this goal is enormous. There are viral proteins resembling or disturbing almost all known steps of the UPS. Actually, many aspects of the UPS itself were discovered through studies of viral pathogenicity factors. Here, we reviewed the action of viral proteins on innate immunity, cell signaling and in the control of the cell cycle in both animals and plants. The disturbance of the plant's RNA silencing machinery by viruses was also discussed. Most viral proteins discovered so far deliberately manipulate the function of hub proteins involved in the control those mechanisms. By reducing defense mechanisms or promoting cell proliferation, viruses can reprogram the cell's metabolism towards their own needs. Future research should focus on the discovery of new UPS components encoded by viruses, especially in plant viruses, where this topic remains poorly explored. The discovery of the targets of viral-encoded FBPs is crucial for providing new insights into this fascinating host--virus interaction.
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Ubiquitin-interfering viral proteins and the use of the ubiquitin--proteasome system by viruses of several families to complete their infection cycle.

  Virus                                                                      Viral protein                                           Mechanism of action                                                                                                                                                                                                                                           References
  -------------------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------
  **Animal viruses**                                                                                                                                                                                                                                                                                                                                                                               
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